Airport mean wind and gust speed data is used with past and future simulated data to estimate the maximum gust speed for a 500 year return period. It is demonstrated that the instantaneous speeds lead to the same result as data giving maximums over some time period. The airport mean wind speed was related to the gust speed, and the future simulations related to the past simulations. However, the relation between measured airport data and the simulations is poor. A Weibull distributions fitted to the upper part of the gust data is extrapolated to give the 500 year return period. An alternative approach using techniques similar to some actuarial analyses is also demonstrated.
Introduction
The estimation of the occurrence of extreme events is important for the safety of society. In particular, wind gusts can damage buildings and other structures. To design safe structures a knowledge of the maximum wind gusts is needed. Geoscience Australia, who sponsored this project, estimates extreme events of various types including wind gusts. The maximum wind gust expected in 500 years is used in the building codes. There are three different types of events that cause high wind speeds, at low latitudes cyclonic and thunder storm winds are of concern. At higher latitudes such as Tasmania, the subject of this study, synoptic winds are the cause for concern.
Estimation of maxima over long time periods is difficult. In the case of Tasmania, although some data is available over longer periods, good information M3 on gust speeds is limited to 10 to 15 years and at only eight airport locations. Extrapolation of return periods (rp) from 15 years to 500 years looks more feasible on a logarithmic scale, but still requires good information on the statistical distribution. Although there is only one point giving the maximum over 15 years, the airport data is recorded every 30 minutes, so that the data goes from 5.8 × 10 −5 to 15 years with the requirement to extrapolate to 500 years. On a logarithmic scale the data covers the range −4.2 to 1.2 giving about 5.4 orders of magnitude of data to extrapolate to 2.7 which is an extrapolation of 1.5 orders of magnitude.
Another source of information useful for this project is simulated climate data. Two series of simulated wind speeds were used in this project. One series covered the years 1961 to 1990, and the other, to provide information on future winds, covered 2081 to 2100. Each of these series was generated by csiro's ccam using six general circulation models as input. This data, unlike the point data from airports, was an area average recorded as the maximum over 24 hours.
It was hoped that relations could be found from the airport gust data to the airport mean wind data, then to the historic simulated data, and finally to the future simulated data, so that projections of gust speed could be made for the future over the whole of Tasmania.
The estimated return period wind speed from the observed data at the airport locations differs from that calculated from the simulated data, and there are many more locations of interest beyond the airports for which only the simulated data is available. In addition to the work reported here, an optimisation approach to minimise bias in the simulated data was proposed to obtain the best match between the observed data and the simulated data. Work on this optimisation is continuing and is expected to be reported separately.
The first part of this paper examines the airport data. It is shown how the 30 minute samples relate to daily maxima and maxima over a longer period. A relation between the airport mean wind speed data and the gust data is M4 found for seven of the eight airports.
Section 3 looks at the simulated data, firstly the past and future data is compared by combining the data over all of Tasmania for each of the six simulations, and then the simulated data at the airport locations is examined. It is found the future data is very similar to the past data, except for a small proportion of more extreme wind speeds.
Section 4 examines the relation between the measured airport data and the simulated wind speed. Section 5 looks at extrapolating using three hour samples from one simulation for 1961 to 1990, and finally section 6 applies some techniques used in actuarial analysis of extreme data.
Airport wind data
Data from airports around Tasmania was purchased from the Australian Bureau of Meteorology. The data are recorded every 30 minutes, and had unfortunately been rounded to integer knots then rounded to integer km/hr. For this project it was converted to m/s. The rounding explains the gaps seen in the data. This data included average wind speed over the last 10 minutes of the interval (the so-called mean wind speed) and maximum gust speeds in the same interval from eight airports. The data was edited to remove earlier times where the data is not complete. This gave 7 to 14 years of wind and gust speeds as shown in Table 1 . The data for the eight airports differed in size from about 128 000 to 251 000 values. Figure 1 plots the gust speed versus the mean wind speed for the eight airports. The amount of variation in the gust speed does not increase in proportion to the mean wind speed but instead stays somewhat constant. Note that at M5 Figure 1 : Plots of gust speed (vertical axis) versus wind speed (horizontal axis) at airport locations. lower wind speeds there are many more data points and hence the distribution of gust speeds may appear wider.
Relation between gust speed and wind speed
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The distributions of the gust speed and wind speed are compared in Figure 2 . Unlike Figure 1 the association between gust and wind at a given time has been removed, and instead the values are sorted and associated using the order in the sorted values, giving a quantile-quantile plot. These relation are close to a straight lines in each case. Table 2 gives the slopes of these lines. So the gust speeds are 30 to 40 percent higher than the mean wind speeds, with St Helens being an apparent outlier.
The distributions of mean wind and gust were examined using various statistical distributions including a generalised gamma (gamma distribution on a power of the data). The Weibull distribution (in cumulative form (Wikipedia, 2012e) )
gave a good fit. This is a special case of the generalised gamma distribution and is also the simpler exponential distribution on a power of the data. As the interest is in the upper extreme the data was fitted to the upper 1% of the data. Figure 3 gives the fits for the wind distributions and Figure 4 the fits for the gust distributions. In both cases most of the fits are within the quantile bounds. The parameters of the Weibull fits to the upper 1% of the data are given in Table 3 .
These Weibull distributions show the wind and gust distributions at each airport have similar exponents a. Equal exponents correspond to the straight lines seen in Figure 2 . Figure 5 plots the gust exponents against the wind exponents and shows a trend with the gust exponent approximately equal to the wind exponent. Assuming the exponent from the Weibull fit to the wind data can be used for the gust distribution the scale factors are compared. It is found that the scale factor raised to the power of the Weibull exponent form a straight line as seen in Figure 6 . The scale values calculated using the full distribution gave a similar straight line. Using this line the estimate of the gust scale s
Now assuming the Weibull exponent of the wind can be used as the exponent for the gusts ( Figure 5 ) and using the relations given in equation (2) and Figure 6 the gust distribution is predicted from the wind data as seen in Figure 7 . With the exception of the St Helens aerodrome which is predicted about 15% too low, the other seven airports have useable projections. Possibly a non-linearity could be introduced into Figure 6 to improve the projection at the low value corresponding to St Helens. 
Extrapolation on return period scale
The "return period" is defined as 1/(1−p) where p is the cumulative probability of events up to that size occurring in a given time. This does not say the extreme event will occur once in each return period, but only that the long term average will be one occurrence per return period. For a given return period of time: zero, one, or more of the extreme events can occur. As noted in the introduction, the estimation of values corresponding to large return periods, such as 500 years, is a significant extrapolation from existing data.
The return period graphs are the same as the cumulative probability graphs with the probability scales relabelled as return periods, but by convention the return period scale is plotted on the horizontal axis. The return period plots are often plotted using a logarithmic scale for the return period axis instead of a probability scale. The logarithmic return period scale generally eliminates the possibility of the distribution having a simple straight line extrapolation as occurs in probability based plots.
For the Hobart gust data the return period plot is given in Figure 8 . Estimates of the gust size for a return period of 500 years are read from these graphs. The quantile lines show the fit to the data is as good as could be expected with the extreme data values being within the middle 90% quantile range.
The return period is often calculated from data giving the maximum observed value over a given period. The gust data, which is 0.5 hour samples, is converted to daily maxima (of 48 samples) and for demonstration 48 day maxima. The maximum values are sorted and assigned probability values corresponding to the median of the corresponding order statistic. For the nth ordered value of total m uniform values this is (Kendall and Stuart, 1963; Wikipedia, 2012a ) β
where β −1
x (n, m + 1 − n) is the inverse incomplete beta function (Wikipedia, 2012b) . The median is used for the probability plots, as the median, unlike the mean, remains the median when converted to another probability scale. These probabilities are raised to the power 1/48 and 1/48 2 to account for the number of values over which the maximum was taken. To compare with the effect of autocorrelation Figure 9 shows the Hobart gust data, daily maxima, and 48 day maxima using randomised order of the original gust data to remove autocorrelations. The daily data (black) lies on top of the original values, and the 48 day maxima (red) lies on top of both the original data and the daily data.
When the data order is randomised the maximum values supply similar information to the original values, except that the amount of data available for analysis is reduced. Figure 9 shows that with uncorrelated data the original data provides the same information, as the maximum values, but provides more data points for use in the analysis. However, in many cases the calculation of extreme maxima is done using data giving the maximum seen in given periods as this is the only data available. Figure 10 shows the daily and 48 day maximum data using the data as recorded (the order not randomised). Here due to autocorrelation in the data M18 the curves diverge but at the high end, as the auto correlation effects reduce, tend to the same values as the original data. The final values of the three data sets coincide. This plot also shows fits to the distributions with the daily and 48 day maximum data being fitted, to all the data, by the cumulative generalised extreme value distribution (Coles, 2001; Wikipedia, 2012d )
Parameters for this distribution are given in Table 4 . In this distribution a negative values of a, as obtained, gives an upper limit to the distribution.
The return period plot can also be drawn with the horizontal axis as a log scale instead of the probability scale used above. This no longer presents the original data as a straight line making it difficult to judge the quality of the extrapolation. Figure 11 shows the original wind data for each of the eight airports (blue), the daily maximums (black), and the 48 day maximums (red). The solid lines are the fits to the data: Weibull for the original data; and generalised extreme value for the two maximum curves. The original data shows less curvature than the daily and 48 day maximum data which are thus harder to extrapolate. Figure 12 presents the gust data in a similar manner to Figure 11 .
In both Figures 11 and 12 some of the fits to the data have followed the main part of the data and give less accurate fits to the upper part and thus a less reliable extrapolation, thus extrapolation to 500 years gives different values for the original, daily and 48 day maximum data. When there is a good fit over the full range of the data, the three curves give similar projections. However, the generalised extreme distribution has a finite upper limit, so for more extreme projections the Weibull distribution will predict higher speeds.
A Weibull distribution gives an adequate fit to the half hour wind and gust data. These two distributions are related, giving a means to convert from wind distributions to gust distributions. The 1 day and 48 day maximums are fitted with the generalised extreme distribution, but as the maximums M19 , 2000) . Results from the six simulations were recorded at three hourly intervals and provided to this project as daily maximum wind speeds at each grid location. To avoid confusion with additional results these simulated results will be referred to as data. Unlike the airport data, this data provides information covering all of Tasmania, and hence provides the possibility of extending 500 year gust projections to all of Tasmania. Table 6 shows the proportion of 1961-1980 data that are larger than the corresponding quantile 2081-2100 values, the number of extreme values (> 40 m/s) in each data set, and the number of grid points with extreme values in each data set. There is only a very small proportion of high wind speed points, but the 2081-2100 data contains considerably more than the earlier data. Similarly the number of grid points with high wind speeds is small in the 1961-1980 data but larger in the future data.
Simulated data at airport locations
The nearest grid point in the simulated data, to each airport was located, and to reduce the analysis, the six sets of simulated data combined. The simulated airport data was found to fit a cumulative gamma distribution (Kendall and Stuart, 1963; Wikipedia, 2012c) 
on the square of the data as seen for the 1961-1980 data in Figure 15 . Generally satisfactory fits were obtained. Distribution plots for 2081-2100 are plotted in Figure 16 . These distribution fits are reasonable over most of the range, but unlike the 1961-1980 data deviate to higher values at the extreme top of the distribution. This deviation at the upper extreme makes projection of extreme values difficult. Table 7 gives the parameters of the fit to the simulated data at the airport locations. There appears to be a relation between the parameters for 1961-1990 and the parameters for 2081-2100 and this could be calculated for all 2856 grid points; however, the lack of fit to the extreme points in the 2081-2100 data makes these relations less useful for predicting extreme behaviour.
A quantile-quantile relation between the 1961-1990 and the 2081-2100 data can be calculated as in Figure 14 . A plausible assumption is the ratio from these plots can be used to convert quantiles of wind or gust speeds from current data to projections of future speed quantiles. For wind distribution with speed v (o) (p) at fraction quantile p in 1961-1980 time the corresponding speed v (n) (p) in 2081-2100 is estimated as
where w (n) (p) and w (o) (p) are the corresponding quantile values from the quantile-quantile plot, such as Figure 14 .
In locations where there are few 2081-2100 outliers and the distribution are essentially the same, such as Launceston and Hobart, this should not be a problem. At other sites this conversion can also be done, but the extreme tail values of the 2081-2100 data are a source of concern, as most grid point have only a small number of these extreme points and in some cases the relation is not smooth.
Relation between airport data and simulated data
The airport data is only available at the eight airports, but the interest is in extreme gust values for the whole of Tasmania, so this section looks at the possibility of using the simulated data to predict the airport wind data. Such a projection could then be used to estimate the equivalent of airport wind data for the rest of the Tasmanian grid points and then the gust distributions. Figure 17 plots the distributions of the measured data at the airports against the distribution of the simulated data close to the airport site. These graphs show some non-linearity and a range of different slopes. The low region of the graphs shows the airport data, due to rounding, contains many more zero values than the simulated data.
A simple relation between the airport data and the simulated data compares the root mean squares values as in Figure 18 . This unfortunately shows M32 no trend, and the best that might be derived is a straight line through the origin, with slope 0.38, as shown on the figure. Eliminating the two high values produces a line perpendicular to that expected; such a relation is not considered useful, as the line should go though the origin. This regression explains 80% of the variance.
The above compares 24 hour maximum wind data with 0.5 hour values recorded at airports. To make a possibly more valid comparison, the airport wind data is converted to 24 hour maximum values and a gamma distribution is fitted to the square of these values. Figure 19 shows these fits, which are considered to be good except at very low wind speeds. Table 8 gives the fitted gamma distribution parameters.
Plots showed no relation between the airport wind parameters and those of the 1960-1990 data. To test if a relation can be found for the scale parameter of the 24 hour maximum airport data, the scale and shape parameters of the simulated data are used to regress the scale of the 24 hour airport data. Figure 20 shows the results of this regression. The two predictors explained only 30% of the variance and replacing the predictors by random values it was found 40% of random variables cases gave a more accurate projection and thus the slope coefficients of the two variables are not significant. We conclude there is no useful relation of this form relating the airport data to the simulated data. Figure 21 shows the 24 hour maximum wind and gust speeds, with the simulated data which is also 24 hour maxima. In some cases there is agreement between the 1961-1980 data and the gust speed (Wynyard, Devonport, Lauceton, and Strahan), For the Bass Straight islands the simulated data is much higher than the airport data, and the extremes of the 2081-2100 data are more than three times those of the measured wind speed.
Three hourly samples of simulated data
One set of simulated data was obtained, giving samples from the simulation at three hourly intervals, rather than daily maxima, for the period 1961-1990 using the echam5 simulation as the base. Extrapolating from the original three hour data was compared with extrapolating from maxima over different periods. Figure 22 shows fits to this data, at the airport locations, using an exponential distribution on the square of the data. In some cases the data wanders away from the distribution and extrapolation does not look accurate. Table 9 gives the mean and standard deviation of the squared data. The mean is the scale parameter for the exponential distribution and for an exponential distribution it is expected that the standard deviation will be close to the mean. the upper parts of the data. Table 10 gives the parameter values used for this case.
The three hourly simulated data was converted to maxima over a day and 48 days and fitted to a gamma distribution (equation (5)). Table 11 gives the gamma distribution parameters. Although the fit was considered quite good, the values of the parameters are quite extreme. The same maxima data were also fitting to the generalised extreme distribution, equation (4), with the parameters given in Table 12 . Figure 24 gives return period plots of the original simulated three hour data with the exponential fit to the data squared, and the daily and 48 day maxima fitted to the generalised extreme distribution. Comparing this with Figures 9, 10, 11 and 12 it appears that the simulated data is not as strongly correlated as the airport data. When the generalised extreme distribution fits the data well, extrapolation to 500 years return period is similar to the extrapolation from the original data.
In the case the 48 day maxima five of the eight cases set the shape parameter positive giving curve turning upwards and poor extrapolation. The airport data, Figures 11, 12 and Table 4 , gave only negative values for the shape parameter. 
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The problems fitting the generalised extreme distribution indicate the fit to the original data may be easier to work from. Fitting the exponential distribution to all the data or to the upper tail of data is particularly easy as only one parameter, the mean, is needed.
An actuarial approach
This approach is demonstrated using wind data from 2 Dec 1984 to 17 Jun 2002 recorded at the Hobart airport. It assumes an exponential distribution fit the upper tails of the data. For the cumulative distribution this is (Brown, 2012; Bühlmann, 1970) 
where a is determined by b as the fraction of the data greater than the threshold value b.
For instance using the daily maximum wind data for Hobart airport, taking the data above 12 m/s (b = 12) which gives a = 0.1158 (of the total of 6407 values, 748 are above 12 m/s). This portion of the data gives mean 13.83, standard deviation 1.65, skewness 1.69, and kurtosis 3.79.
For the shifted exponential distribution, the scale value s is estimated by the standard deviation of the tail data, or by the mean minus the threshold which in this case is the larger, so taking s = 1.83. The probability value for 500 year return period point is
Solving equation (7) for (x − b)/s gives 9.96, and substituting b = 12 and s = 1.83 gives the 500 year wind estimate x = 12 + 9.96 × 1.83 = 30.23 .
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To check the sensitivity of this estimate to the threshold, an alternative threshold values is used. Using a threshold value of b = 12.2 gives a = 0.1158 as due rounding of the data the number of points above 12.2 is the same as above 12. However, in this case the standard deviation gives the larger estimate for s of 1.65. Hence the estimate of the 500 year return period wind speed is x = 12.2 + 9.96 × 1.65 = 28.14 .
To see the sensitivity of the estimate to the data, an extra value equal to the maximum data value is added to the data set. With the threshold value of b = 12.2 this gives mean 13.84, standard deviation 1.68, skewness 1.76 and kurtosis 4.23.
The estimate of the 500 year return value is now x = 12.2 + 9.96 × 1.84 = 30.53 .
As the standard deviation is less than the mean minus the threshold, and the skewness and kurtosis are both less than the theoretical values of two and six, the estimates above are conservative being possibly high. However, the calculation of probabilities ten standard deviations from the base is always fraught with danger. In any practical situation of this type, there will always be a lack of sufficient observations and the choice of a suitable model becomes critical.
The model demonstrated in this example is simple and the parameters easily calculated. The shifted exponential distribution has a self similarity property in that the standard deviation does not depend on the threshold value, and thus the selection of the threshold is not critical.
Conclusions
The extrapolation beyond the range of the data is always troublesome: however, on a logarithmic scale the extent of extrapolation looks more reasonable.
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It seems that often the original data samples, compared with the maxima over a time interval, have a simpler distribution, have more points available, and thus are easier to extrapolate. Also an extrapolation from a good fit to the whole distribution gives more confidence than fits to the upper extreme values.
An aim of this project was to relate the measured gust data recorded at airports to the future simulated data for 2081-2100 over all of Tasmania, so that estimates of future extreme gust data could be made. This was approached by looking at three stages needed to do this:
• The relation between the airport wind data and the airport gust data.
• The relation between the 1961-1990 data and the airport wind data.
• The relation between the 2081-2100 data to the 1961-1990 data.
Using these three stages it would be possible to relate the 2081-2100 data to corresponding measured gust values. The simulated data covered Tasmania but the airport data was from only eight locations, which is not many to obtain a robust relation from.
The airport wind and gust data at a single location were found to share the same Weibull distribution shape parameter. A relation was found for the scale parameter that gave usable projections of the gust data in seven of the eight cases. For the one case with low wind values it predicts too low.
The best relation found between the airport wind data and the 1961-1990 data was a simple straight line giving an average behaviour ( Figure 18 ). This is not very accurate, but attempts to find a better relation failed. The fact that the simulated data covers 1961-1990 and the airport data 2000-2011 is not considered a major problem; however, differences in topography surrounding the airports may be important. The limited number of airport locations is also a serious problem. There are other sites that record wind speed, but these are considered of lower quality than the airport data and do not include gust speeds.
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The 2081-2100 data is similar to the 1961-1990 data except for a very small proportion of larger extreme values. In some locations this difference was minimal, and in others there were large differences. Given the small number of extreme data points at each location, projection of these differences does not look promising. However, as the simulated data is available at all the grid points covering Tasmania, conversion using quantile-quantile plots, that for a given quantile, give the ratio of wind speeds, is possible. Over most of the range the distributions are essentially the same with the only difference being a small number of more extreme points in the 2081-2100 data. These points will have a large effect on the extreme gusts predicted for 2081-2100.
A simple alternative approach to determining the return period value followed an actuarial practice by fitting an exponential distribution to the upper part of the data. The exponential distribution having only a scale parameter is particularly easy to fit.
In summary the data analysed has two major problems: the limited number of airports recording actual data; and the small number extreme points in the wind speeds predicted for 2081-2100. The large differences between measured data and simulated data for the Bass Straight islands is a concern.
An optimisation approach to minimise bias is possible. If this work is successful, then it will be reported in due course. An investigation of suitable goodness of fit criteria for the distributions, taking into account the emphasis on the upper values, would be a useful adjunct to this work.
